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Lumped  Circuit  Transmission  Line  Model 

INTRODUCTION 

Several  computer  aided  design  (CAD)  programs  require  lumped 
circuit  component  values  (resistors.  Inductors,  and  capacitors)  as 
Input  data.  It  Is  often  difficult.  If  not  Impossible,  for  a  user 
of  these  CAD  programs  to  mix  distributed  and  lumped  circuit 
parameters.  Lumped  circuit  equivalents  of  distributed  circuits 
are  desired  for  sake  of  compatibility. 

Transmission  line  responses  are  governed  by  distributed 
parameters.  In  this  report,  the  development  of  a  lumped  circuit 
model  for  the  lossless  transmission  line  is  performed  by  deriving 

its  Z-parameter  express  1  on  sand  then  synthesizing  these  parameters 

_  * 

with  lumped  circuit  equivalents. 

If  the  Z-parameters  are  accurately  synthesized,  the  model  will 
be  virtually  Insensitive  to  source  or  load  impedances.  Two  forms 
of  Z~p*rameter  networks  are  possible:  the  "T"  network  and  the 
"11“  network.  In  this  report,  the  "T*  network  is  employed. 

THE  DISTRIBUTED  PARAMETER  TRANSMISSION  LINE  (OPTL) 

This  section  describes  the  necessary  equations  needed  to  work 
with  the  lossless  OPTL.  The  dominant  mode  for  the  propagation  of 
signals  Is  assumed  to  be  transverse  electromagnetic  (TEM)  in  which 
both  the  electric  and  magnetic  fields  are  transverse 
(perpendicular)  to  the  axis  of  the  transmission  line.  Also,  the 
OPTL  Is  assumed  to  be  uniform  and  the  medium  of  propagation  is 

-1- 


.a 


\  \  mV  r  f*  f? .V  ■**  SfV  vTvv*  vV‘ V 


assumed  to  be  homogeneous. 

Voltages  and  currents  at  any  point  along  the  line  can  be 
determined  If  the  total  voltage  and  current  are  known  at  the 
sending  and  receiving  ends  of  that  line.  Corresponding  to  Figure 
l,  we  have  ^ 

V$-VR  cosh  Yt  *  irZq  slnh  Y* 

VV$  Y*  -  IjZq  slnh  yt  (1) 

I$«IR  cosh  Yl+  ( Vr/Zq)  slnh  Y  I 
Ir«£s  cosh  YU  (Vs/Zq)  slnh  Yt 

where,  Zg  *  characteristic  Impedance 

7  *  propagation  constant 
and  other  quantities  are  defined  in  Figure  1. 


Figure  1 


e 
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The  characteristic  Impedance  and  propagation  constant  are 


typically  expressed  as 


1  R+.im. 


Y  «  JlR+nilw) 


(2) 


where,  R  *  resistance  per  unit  length 
l  *  Inductance  per  unit  length 
G  *  conductance  per  unit  length 
C  *  capacitance  per  unit  length 


If  R  and  G  are  assumed  to  be  negligible,  as  for  the  lossless 
line,  equation  (2)  becomes 

*0  .  y*  fit  4  J«  (3) 

and  substitution  into  equation  (l)  yields 


V$  •  VR  cos  S*  +  JIjjZq  sin  31 
VR  *  v$  cos  31  *  jljZg  sin  31 
1$  ■  IR  cos  St  *  J(Vr/Zq)  sin  9. 

IR  •  I$  cos  31  -  J(Vs/Zq)  sin  at  (4) 


The  equations  in  (4)  are  the  only  ones  required  to  find  the  Z 
parameters  of  the  lossless  OPTL. 


2-PARAMETERS  FOR  THE  LOSSLESS  DPTL 


The  symmetric  and  reciprocal  OPTL  may  be  fully  described  by  a 
"T*  network  Incorporating  the  Z-paraneters  shown  In  Figure  2. 


Figure  2 


The  input  and  output  voltages  are  determined  from 


VA  *  Zli  rA  *  Z12  *8 

V8  *  Z21  rA  +  Z22  *8  (5) 
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*.+’  a«‘  tm‘-Ji»  I*  l/_li  fcJ?  %_*  i 


Since  we  have  symmetry  and  reciprocity,  Zg^  ■  Z^  40(1  ^22  *  2n  so 
that  (5)  becomes 

VA  *  ZU  rA  *  Z12  ZB 
h  ■  ZI2  ZA  *  Z11  [B  <«> 

The  equations  In  (4)  may  be  manipulated  so  that  and  VR  are  In 
terms  of  and  IR.  Upon  doing  this,  we  have 

vs  *  -ihh  cot  24  *  J irzo  csc  34 

\  -  -j I^Zq  esc  34  ♦  jl^Zg  cot  34  (7) 

When  these  equations  for  and  VR  are  compared  to  the  equations  in 
(6),  we  can  see  that  we  have  the  relationships  between  the  Z- 
parameters  and  the  OPTL  parameters: 

zn  *  *^*0  cot  3  4*  zi2  *  "JZq  csc  04 

and  Zjj  -  Z^  *  JZg  tan  24/2 


The  OPTL  may  now  be  represented  by  the  network  shown  in  Figure  3. 


1 


Z0tan  /U*  jZ0tdn 


Z,rZn 


-jZ0<Lll/6JL 


t* 


Figure  3 
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The  remaining  task  is  to  find  circuits  which  will  represent  the 
impedances  JZ^  tan  /Z  and  -jZg  esc  Bl  to  a  high  degree  of 
accuracy.  The  techniques  used  are  discussed  in  the  next  section. 

CIRCUIT  SYNTHESIS 

The  impedances,  -Z12  and  Zi2»  will  be  synthesized 
separately.  Since  these  impedances  are  trigonometric  functions. 
It  is  suitable  to  express  the  sine  and  cosine  in  terms  of 
polynomial  expansions.  ^ 


vv 


V\v 


s*  i  ,/U 


i  S,  t  a-  t> 


sin  X 


•  X  (1  *4,  X  2  ♦  i,  X  4  +  ae  X  6  ♦  i„  X  8  *  aln  X  10) 


|c4l  <_  2X10*9  ,  0  <  X  <  H/2 


eos  x  •  I  *  b2  x  2  ♦  b4  x  4  ♦  b6  x  5  *  b3  X  8  *  b1Q  x  10  *1*1,1 


e  h  I  i  2X10“9,  0  <  X  <  XI/2 


esc  X  -  +  2X  S  (-1)n 

X  n-T  X  -(nIT)J 


where: 


a2  *  -.1666666664 


a4  *  .0083333315 
ag  -  -.0001984090 
a3  *  .0000027526 


a1n  *  -.0000000239 


b2  *  -.4999999963 
b4  *  .0416666413 
bg  *  -.0013888397 
bg  *  .0000247609 
b1Q  »  -.0000002605 


Equations  in  (8)  are  used  for  jZQ  tan  BA  /2,  and  equation  (9)  is 
used  for  -jZQ  esc  BA  .  First,  we  will  synthesize  the  impedance, 
jZQ  tan  BA  /2,  then  we  will  work  on  jZQ  esc  BA  . 


SYNTHESIS  OF  Zu  -  Z12 


It  can  be  shown  that  BA  / z  *  -jKs  where  K  *  A  /ug  and  s  »  j «  . 


Now  we  may  write  jZQ  tan  BA  /2  as  jZQ  tan  ( - jKs ) .  Using  equations 
in  (8),  we  get: 


jZ0tan(-jKs) 


-JKs  t l+a2{ -JKs ) 2+a4 ( - JKs ) 4  +  "•  +  a1Q(-JKs ) 10 > 
1  +  b2  (-JKs)2  +  b4  (-JKs)4  +  " '  ♦  b10  (-JKs)1 


Vs  -  a2Z0<V  *  a^V  -  a^V  +  dgZ/V  -*10ZoK 


1  -  bjK2!2  *  b4K4s4  -  bgK6!6  +  b^C8s8  -b1(^10s10 


Synthetic  division  of  (10)  is  performed  in  a  manner  shown  In  equation 
(11)  which  yields  a  network  of  a  Cauer  form  (Figure  4)  .  See  Appendix 


Once  the  synthetic  division  is  complete,  we  can 
corresponding  circuit  elements. 

L^*.09174664Zq< 
l3*-.035m07ZoK 
L5*.07935383ZqK 
L7*.7765806ZqK 
L9*-.2371512ZqK 
L11*.3245832ZqK 

where  L  is  in  Henrys  and  C  is  in  Farads. 


C2*.5417253K/Z0 

C4*-.04O33142K/Zo 

C6-.2S36086K/Zo 

Cg*-.05267314K/Zo 

CI0*.5353672K/Zo 


Figure  5  shows  the  completed  circuit  whose  port  Impedance  Is 
JZq  tan  BA  /2. 


U  i-J  L.S  t-7  Lf 


Figure  5 


SYNTHESIS  OF  Z^ 

For  the  synthesis  of  Z^2  *  -jZg  esc  BA  ,  we  use  the  expansion 
form  of  equation  (9)  but  instead  of  an  infinite  summation,  we  will 
use  N  terms.  Letting  x  ■  BA  *  -jZKs,  we  get 


■jZQ  esc  BA  «  -jZQ 


N 

J _ ♦  Z(-j2Ks)  : 

■j2Ks  n*l 


tv. 


(-j2Ks)Mnir)4 


I 


which  may  be  rearranged  Into 


•jZ,  esc  8i  ■  Z, 

0  _ Q 


I  (-1)n4Z„Ks 


2Ks  n*l  4KV  +  (mr)‘ 


The  addend  of  equation  (12)  is  of  the  form  as  which  Is  a 


bs*+c 


general  impedance  expression  of  an  LC  tank  circuit. 


Consider  the  tank  circuit  of  Figure  6;  its  terminal  impedance  is 


given  by 


Z(s)  •  — 4— 
LCs‘+l 


which  can  be  forced  to  equal  the  addend  of  (12).  By  doing  this  we 


find  that 


(-1)  "4Z0K 


C_  ■ 


-11- 


;Av:yw"^  r".‘.rv  v'Vm 


,r  • 


Th«  first  term  of  (12)  is  the  Impedance  of  a  capacitor  whose  value 

Is  ZK/Zq.  Now  the  synthesized  circuit  for  Z12  Is  complete  and 
shown  In  Figure  7. 


THE  COMPLETED  MODEL  AND  ITS  ANALYSIS 

By  placing  the  networks  of  Figure  5  and  Figure  7  Into  the  Z- 
parameter  network  of  Figure  2 ,  the  complete  model  for  the  DPTL  Is 
developed.  Shown  In  Figure  8  Is  the  model's  schematic  along  with 
the  source  and  load  Impedances. 

A  Fortran  Program  (Appendix  B)  has  been  written  In  order  that  the 
OPTL  model  may  be  analyzed  for  errors  In  the  output  voltage.  In 
the  program,  "MVOO"  is  the  magnitude  of  V0/V^  (See  Figure  3)  as 
determined  by  the  use  of  the  standard  transmission  line  equations 
and  "MVOL"  is  the  magnitude  of  V0/V^  as  determined  by  the  OPTL 
model.  The  error  (in  dB)  (See  Figure  9)  is  defined  as 

Error  d0  «  20  Log  (MVOL/MVOD) 

Resonances  along  the  line  are  very  evident.  The  errors  at  A/a  and 
3A/4  are  seen  to  be  small  compared  to  those  at  A/2  and  A.  This  is 
because  the  approximations  of  equation  (3)  are  in  greatest  error 
at  x  SW2  and  least  error  at  x»o  and  x»TT/4.  The  huge  error  at  line 
lengths  of  A/2  and  A  are  not  troublesome  if  one  does  not  include 
frequencies  which  correspond  to  line  lengths  equal  to  exactly  71/2 
and  A . 


Cone 1 u  sion  and  Recommend  at i ons 


The  sample  runs  In  Appendix  3  are  for  transmission  lines  with 

«1 3“ 


relative  permittivity  (e,)  equal  to  one.  The  program  allows  one  to 
Input  other  values  of  but  then,  the  effective  line  length  will 
be  different. 

The  errors  between  calculations  from  the  DPTL  model  and  the 
transmission  line  equations  are  less  than  one-tenth  decibel 
provided  the  effective  line  length  Is  less  than  or  equal  to  one 
wavelength.  The  load,  Z^,  does  not  significantly  affect  the 
results  unlike  the  case  of  typical  lumped  circuit  models 

The  use  of  the  OPTL  model  may  be  found  for  several  applications 
where  line  losses  are  low.  When  losses  are  high,  this  model  can  no 
longer  be  used.  Thus,  It  Is  recomnended  that  a  similar  model  which 
considers  losses  be  developed.  It  Is  also  desirable  to  test  the 
present  DPTL  model  using  nonlinear  sources  and  loads.  Once  the 
models  for  the  lossy  lines  are  developed,  coupling  and  cross-talk 
can  be  considered  next  for  modeling  In  terms  of  lumped  circuit 
components. 


APPENDIX  A 


The  Cauer  Network 


The  synthesis  considered  here  Is  that  for  the  one- port 


network.  Here,  Cauer 's  method  Is  used.  Cauer  networks  are 


derived  from  the  expansion  of  a  rational  fraction  (equation  ( A- 1 ) ) 


Into  the  Stleljes1  continued  fraction  expansion  (equation  (A-2)) 
which  is  the  same  as  equation  (11). 


N(s)  A  s"  A^s"1-1  ♦  A-s1"^ 
»(S)  ■  —  •  ' r=i - *-1= 


(A-l) 


0(s)  30s"  ♦  B1  s  -  ♦  Bzi  - 


Stleljes'  continued  fraction  expansion  of  (A-l)  Is 


R(s) 


C  - - 

0  c^1"*"  * 


(A-2) 


C2s"*"  ♦ 


♦  1_ 


R(s)  has  been  used  to  denote  either  a  driving-point  impedance. 


Z(  $),  or  a  driving-point  admittance,  Y(  s). 


•  3  V-  »>  - 


fyA! 


rf*. #'|Lb 


Depending  on  the  values  of  the  A's  and  B's,  some  of  the 
capacitances  and  inductances  may  have  negative  values;  this  should 
not  disturb  anyone  since  the  network  is  not  to  be  realized.  Note 
that  if  the  network  is  not  to  be  necessarily  realizable,  we  may 
consider  two  possible  relationships  between  m  and  n  of  equation 


( A— 1) . 

R(s)-Z(s)  :  C0s,C2s,C4s... 

Cy  S.CgS  .CgS,  .  . 

S(s)*Y(s)  :  c0s.C2s,C4s... 

S  ,CgS  ,  CgS  ,  .  . 

R(s)*Z(s)  :  Co/s,C2/s,C4/s 

f  Cj/s.Cg/s.Cg/s 

S(s)-Y(s)  :  Co/s,C2/s,C4/s 

C  y  /S,C3/S,Cg/S 

*  inductive  reactances 

*  capacitive  reactances 

*  capacitive  reactances 
»  inductive  reactances 

*  capacitive  reactances 

*  inductive  reactances 

*  inductive  reactances 

*  capacitive  reactances 


(A-3 ) 


For  equation  (10),  m  ■  n+1  is  used: 

2  1  11 
A  s  +  A,s‘  *  A-s‘  +> -  +  Alns 

«*>  •  - ij - 11^ 

8q  +  8^s  +  B2s  +  ....  +  B1qs 


which  yields  the  network  shown  in  Figure  4. 


A- 2 


APPENDIX  B 

FROgjAH  LISTING  - 

US T  TLINE 

10  COMPLEX  ZI,Z2,Z2,Z4,Z5,Z6,Z7,Z8,Z9,ZI0,ZII,ZINS,TQ.P 
20  COMPLEX  ZZI ,  ZZ2,.UU,0N  I  ,DN2,DN3,DN4.DN5,QN, VQD,ZS,ZL,ZO 
25  COMPLEX  ZINP  ♦  (JN  ,OEN  I , OEN 2, 0EN3 , 0EN4 , 0EN5 , OEN ,  vn£. .  T9 
30  HEAL  F,PI  ,«,L£NG,EP,C,FO,F  I  ,F2,LDL 
35  REAL  a.QT,T1,T2,T3,T4,T5,T6,FA.SU.M 
40  HEAL  BL.8L2,T7,T8  .MVOL.MVOD 
TO  Z0-CMPLXI50..0.) 

72  ZS-CMPLX! 10., -25.) 

74  ZL-CMPLX(200.,500.) 

80  HI *3 .14159265 
90  L5NG-I  . 

1 10  Eh* I . 

112  *R ITE< 6,77) LSNC, Si- 

114  77  FORMAT! -LSriGHT*  "  .FI  2.5,3 X. "EPS ILJW*  tt.F  12.5) 

.116  «RITE!6.76)Z0 

.117  ..RITEC6.75)ZS.ZL 

.116  76  FORMAT!  “ZO*  ",2E I  2.5) 

.119  75  FORMAT! “ZS*  - ,2£ 1 2.5.3 X, »ZL*  -.2512.5) 

120  0-3.55 

122  00  100  N- 10,1 0000 ,50 
124  F*! FLOAT! N ) ) * I .£6 
126  ,i«2.*PI*r 

1 30  LOL*L£;IC*F*SaRT!  £P )  /  !  3  .So  ) 

140  pO-PI-LOL/w 

ISO  rl*ZG*rU 

loO  r 2*hO/ZO 

I  70  T*"*r  l*.GVI  74864 

180  L  l*C.‘4PLX!Q.  .  D 

is»0  T»-l  ./!  .<*t-2*.54 1  7253  ) 

200  Z2*C;4PLX!0.,T) 

2 10  T*"*F l*<-.035 J 131) 

220  Z3-CMPLX!0.,T) 

230  T*l ./! 4033 141 ) 

240  Z4*CMPLX!Q.,T) 

250  T**«*r  I*!  .07935403) 

260  Z5*CMPLX!0.,T) 

270  T*-l./!n*F2*.253608l ) 

280  Z6*CMPLX!0.,T) 

290  T**»*r  I*.  7765  694 
300  Z7*CMPLX!0.,T) 

310  T*l ./! /«*F2*. 0526 7584) 

320  Zb«CMPLX!0.,T) 

330  T*-l .***F I*. 237! 407 
340  Z9-C4PLX!0..r) 

350  >- 1 ./( rt*F2*.  5359C52 ) 


360  ZI0-CMPLX(0..T> 

370  T-w*P I*.3245b 
380  Z.H-CMPLXC0..T) 

390  P-Z9+Z  1 0*Z.l  I  /<  Z 1 0«*Z  1 1 ) 

400  tJmZ7+Z8**J/(  Zd-H* ) 

410  H-Z5*Z6*P/< Z6**P ) 

420  H*Z3+Z4*p/( 24fp ) 

430  ZINS«Z1*Z2*P/(Z2*P) 

440  Q«PI*L0L 
450  QT*Z0*TAN(Q) 

460  TQ-CMP LX  ( 0 . ,  QT) 

470  Tl*4.*EP*LQL*LnL 

480  T2-<  4 ./p  l  )>U3L*S0HT(  EP ) 

485  T3-I  ./(2.*pr*LQL*S0HT(SP) ) 
487  SUM-0. 

483  r  A—  I  . 

490  uG  99  [-1.20 

500  T5-<  rLGAT(  I  ) )  **2-T ! 

505  T6-PA/T5 
513  SUM-T6+SUM 
515  rA—  I  .-P* 

520  99  CONTINUE 
5  22  SUM— T3— T2*SU  M 
525  SUM— I  ,-ZO-SUM 
530  ZINP«C.’4PLX(0..SUm) 

535  UN«ZL*ZINh 
540  uEN l-ZS+ZL 
345  jEN2«ZINS*ZINP 
550  j£ri3-ZS*ZL 

555  DEN4-Z INS-ZI NP*CMfLX ( 2 . . 0 . ) 

660  0EN5-ZINS-ZI NP 

565  uEN-uEN  I  *0  £  N  2-*-J£  N3  +OEN  4  +Q  Ei'i 5 

580  VOL-UN/OEN 

5e2  M  VOL -CABS ( /OL ) 

535  aL-LGL-P t -2 . 

590  3L2-BL/2. 

500  T7*TaN(3L2) 

605  T8—  l./SINUL) 

60b  T9-CMPLXC0..T8) 

610  ZZ2-T9-Z0 

615  ZZI-ZO-CMPLXCO. ,T7) 

620  'JU-ZL*ZZ2 

625  jM-ZS+ZL 

630  0N2-ZZI+ZZ2 

635  JN3-ZS*ZL 

o**0  0N4-ZZ  l*ZZ2*CMPLX(  2 


HSKRJTOC^J 


.  v^.vk  wmFA^-wvy  v'V^  1’^  j^-*  rwsw^'-Sftt  A*.4ftl3RMH 


645  DN5*ZZ1*ZZ2 

650  DN-0NI*0N2^0N3+0N4*0N5 

655  VQO«(JU/0N 

657  MVOU-CABSCVOO) 

800  rfRITEC  6, I )F,L0L 
830  rtR  ITE(  6,2)  VCIL,V0Q 
835  .«RITE<  6,3  )MVQL,MV00 

o40  l  rORMATC "FREQ.*  " ,E12.5, 3X, “LEN/L.AM*  »,S12.5) 
o50  2  FQrtMAT(“VOL*  ” ,2£l 2,5 ,3 X," VDD*  ",2EI2.5> 

655  3  rORMATC “M VOL*  “,£I2.5,3X,“MVQI>  «,E12.5) 

656  nRITE(6»4) 

660  1  00  CONTINUE 
a 70  STOW 
doG  ENu 


RUN  TLIN£ 


LENGHT*  I .00000 

Z0-  0.5  0000 E  02  0* 


EPSILON1 

LEN/LAM* 


VOL*  0. 90909 E  00-0.29 1 09E  00 


1.00000 


VQD»  0.90909E  00-0.29 1 09E  00 


MVOL*  0.95 45 5E  00  MVQD-  0.95455E  00 


pREQ •  *  0.60 OOOE  03  LEN/LA?4*  0.20000E  00 

VOL*  0.6285  IE-0 1 -0.44563E  00  VRO-  0.63890E-0 1-0. 445 67E  00 

MVOL*  0.45023E  00  MVOD»  0.45022E  00 

r*REQ.*  O..IIOCOE  09  LEN/LAM*  0.36467E  00 

VCL*  -0. I4330E-0I-0. I4656E  00  /0U-  -0. 1 48  I5E-0 1 -0.  I *659E  X 

MVJL*  0.U73 3E  00  MVOu*  0.I4733E  00 


rrfEQ.*  3.I6000E  09  LEN/LAm*  C.53332E  00 

VOL*  -0 . 1 2224E-02  0  .3409  1 6-0  i  VOD*  -0 . 1  222dE-02  0.3498 7E-0  I 

MvflL*  0 .350 1 2E-0 1  MVQD*  0.35G08S-OI _ 

r'RSQ.*  0.21  OOOE  09  LEN/LAM*  0.7C000E  00 

VOL*  -0.181  33E— 0  1  0.23972S  00  '/no*  -O.I32I1E-OI  0.23969E  X 

MVOL*  0.24040E  00  MVHO-  3.24038E  CO 


rrtSQ.*  0.260CCE  09  LSN/LAM*  0.3*6675  OC 

VCL*  0.298346  00  0.589  77E  00  VOL*  0.2980 75  00  0.5d9cl=  00 

MVOL*  0.66094 €  OC  MVOL*  0.66085=  n0 


pREQ.*  0.3I0CCE  09  LEN/LAM*  0.103  3E  31 

VCL*  0.903675  (30-0.29 1 79E  00  VHO*  0.  ,'09095  00-0. 29 1095  00 
MVOL*  C. 954376  X  MVQD*  3.95455E  00  . 

pRSO • *  3.36CC0E  09  LEN/LAM*  0.I20C0E  01 

VCL*  0.65209E-OI-0.4430IE  00  VOL*  0. 538906-01-0.  US67E  00 
.mVoL*  Q.452  73E  OC  MVOD*  0.45022E  00 

rrfECu*  0.4| OOOE  09  LEN/LAM*  0.I3667E  01 

VGL*  -0. I40I6E-0I-0. I6087E  00  VCD*  -0. 1  431 5E-0 1-0. U659E  00 
MVQL*  0.I6143E  00  MVQu*  0.I4733E  00 

rRSO . *  0.46 OOOE  09  LSN/LAM*  0.I5333E  01 

VCL*  0 . 2c 74 7E-02-0 . 28685E-0  I  '/HC*  -0.  I  2223E-02  0.349575-0  I 

MvJL*  0.23828E-3I  M vnQ*  0.35CO8E-OI 


§  s  *  (  I  r  i  »  »  v  r  i  r  r  *  »  *  f  #  f  t  *  *  t  i  »  •  i  *  r  ♦  *  * 


RUN  TUNE 


LENCHT-  1 *00000  EPSILON*  l *00000 

ZO*  O.SOOOOE  02  0* 

ZS»  0 , 1  OOOOE  01  0.  ZL»  0 . 1 OOOOE  04  0 . 


5SE2 •  *0 . ?fliS5S°S  1 28 . 20  9di3*333?73io9E  01-0.20774E-01 

MVOL*  0.I02I.1E  01  MVQD*  0.102  ME  01 


PREQ**  0.60000E  OS  LEN/L.W*  0.20000E  00 

VOL*  0.276 1 4E  0I-0..1 1435E  01  VOD*  0.27602S  01-0.  I  U22S 

A4VQL*  0.298SEE  01  MVQO*  0.29372E  01 


FREQ.*  0.IIQCQE09  LEN/LA-i*  0.36667E  00 

vQL*  -0.II695E  31-0.6I359E  03  VOO*  -0..1I702E  01-0.6145*5 

MVQL*  0.I3207E  01  MVQD*  J..132ISE  01 


FREQ.*  0.I60CQE  09  LSN/LAm*  0.5  3333E  00 

VOL*  -0.32556E  00  0.4761  3E  '>0  /no*  -0.32553S  00  0. 4759*5 

MVOL*  0.576 79E  00  MVHO*  0.37664E  00 


01 


•'iO 


“50 


t-REO.*  0.2I00QE  09  LSN/UM*  0.70Q00E  00 

v'QL*  -3.2M43E  01  0.I54S0E  01  VQO*  -0.21  UlE  01  0.  I5369E  01 

MVHL-  0.262C^€  31  MVQJ*  3.26124E  01 


FREQ.*  0. 26000 E  09  LSN/L.V* 
VOL*  0. 14702S  3 1  0.1 790 2E  00 
MVOL*  0 . 1 48 i 1 E  3 i  MVnO* 


0.36667E  00 

'•/HO*  0.147  l  IS  01  0.179 ‘,2E  >0 

3.14820E  01 


FSEQ . *  0.31  COOS  G9  LEN/La.a*  0.10333S  01 

VCL*  0. 1021 3E  01-0. 2C324E-31  VOU*  0. I02Q9E  0 1 -0.20 77*5-0  I 

4VJL*  0.I02I2E  01  MVnJ*  3.1O2IIE0I 


r  REQ  .  *  0 . 36000E  09  LEN /LAM  *  0  .  1 2  3C3E  0 1 

VQL*  Q.27456E  01-O..II203E  3t  VOD*  0.27602E  01-0, 1 1*225  ) 

MVQL*  0.29655E  01  MVQu*  0.29872S  01 


FREQ.*  0.41 OCOE  09  LEN /LA  4*  0.1 3 6675  01 

VOL*  -0.I3797E  3l-0.6437dE  00  VHD*  -0.1 I702E  0l-0.6l*5oE  00 

MVOL*  0.16 1 72S  01  MVHO*  0.I32I8E  01 


FREQ.*  0.460C0E  09  LEN /LAM*  O.I5  333E  31 

/GL*  0.2343IE  00-0. .1 1  ESSE  00  VQL*  -0.32556E  00  0.475945  ^0 

MV-JL*  0.26273E  00  M'/DU*  0.576645  00 


RUN  TUNE 


LENGHT*  I .00000  EPSILON-  1.00000 

ZO-  0.50000E  02  0. 

ZL-  0.10 POPE  01  0. 

LEN/LAM-  0 . 333  33E-0 1 
VOL-  0. 18I82E-0I-0.582I8E-02  VOO-  0. 18 I82E-0I -0.58219E-02 
MVGL*  0. 1 909  IE-01  MVQD-  0.I909IE-0J  _ 

rWEQ.«  0 . 60000E  08  LEN/LAM-  0.20000E  00 

VOL-  0. I2770E-02-0.89I35E-02  VOD-  0. I 2778E-02-0.39 1 33E-02 

MvGL-  0.900445-02  MVQD-  0.90044E-02 


irREO.*  0..I  I OCOE  09  LEN/LAM-  0.36467E  00 

VOL-  -0.2966OE-O3-O.293I6E-O2  VOO-  -0.296305-03-0. 293  1 7E-02 
MvJL-  0.29466E-02  MVGO-  0.29444E-02 

rn£Q.*  0.I60C0E  09  LEN/LAM*  0.53 333E  00 

VCL*  -0.24447E-C4  0.4998  IE-03  VQU-  -0.24455E-04  0.69974£-0 3 
MVUL-  0.7C024E-03  MVQu-  0.700175-03  _ 

rrtEQ.-  0.2I0G0E  09  LEN/LAM-  0.70000E  00 

VOL-  -0 • 34235 E— 03  0.47943E-02  VPO-  -0-364255-03  0.47937E-02 
MvGL-  0.4c080£-Q2  MV GO*  0.480755-02 


rft£0.»  0.26C00S  09  LEN/LAM-  •  0.8666 7E  00 

VUL-  0.396695-02  O..M795E-OI  VOL,.  0 .596  1 3E-02  0.  I  I  7965-0  I 

avOL*  3.1321 9E-0 I  M VGu-  3 . 1 32  1 7E-0 1 


r*EQ.«  0.3I000E  09  LEN/LAM-  0.I0333E  31 

*CL«  0. ISI73E-0I-0.56358E-02  VOD-  0 . 1 d I 82E-0  I -0 . 5o 2 1 9E— 02 

.MVGL*  0. 190875-01  MVOO-  3 . 1 909  I  E-0  I 


pRSQ . *  0.360C0E  09  LEN/LA4-  0.I20P0E0I 

vCL-  0. 13042E-02-0.89603E-02  VOD-  0. 1 2 77d£— 32-0.39  I 33E-02 

MVJL-  0.905475-02  MVGU-  3.90044g-02 


NS£3.«  0.4I000E  09  LEN/LAM*  0.I3667E  01 

vuL*  -0.2803  IE-03-0.32  1 73 E-02  VHO-  -0.29630E-03-0.293I  7E-02 

MVGL-  0 .322955-02  MVQD-  J.29466E-02 


rHEO.«  0.46 OCOE  09  LEN/LAM-  0.I5333E  01 

VOL-  0 .87493E-04-0 .57369E-03  VHU-  -0.2 4455E-04  0 . 6<‘>974E~03 
MVJL-  0.57657E—03  M VOO*  0. 700 175-03 


RUN  TUNE 

LENGHT*  I. 00000  EPSILON-  1.00000 

Z0-  0.50000E  02  0. 

ZS-  O.SOOOOE  02  0.  ZL-  0.5 00 OOP  02  0. 

OREO.-  3.i55oOE  08  LEN/LAM-  0.33 333 E-Ot 

VOL*  0.47705E  X-0. 127596  00  VOD*  0.47705E  00-0. 127596  00 

MVQL*  0 .4938 IE  00  MVQU«  0.4938 IE  00 


FrtEO.*  0.60000E  08  LEN/LAM*  0.20000E  00 

/OL*  0 . 60646E-0 1  -0 . 30743E  00  VOD-  0.60692E-0 1-0.307446  00 

MVDL-  0.3 1335E  00  MVOU*  0.31 33 7E  00 


JrSEQ .*  0.11  OOOE  09  L£N/LA;4»  0 .3  6667E  X 

vOL*  -0.23 1 906-0 1—0 • 1 295  I E  X  VOO-  -0.23 1696-0 1-0. 1 29525  00 

MVOL*  0.I3I57EX  MVHO-  0.13I58EOO 


rasa.*  0 •  1 60Q0E  09  LSN/LA.!*  0.5  33*36  X 

VOL*  -0.235496-02  0.34625E-OI  vCJG»  -0.235576-02  0.346215-01 

MVuL*  0.34702S-JI  MVDu-  3 .3470  IE-01 


ritEO. *  0.21U0GS  09  LSN/LAM*  0.70000E  X 

/CL*  -0.235046-01  0.194046  X  VOD*  -0.235981-0  1  0.1 939 7E  00 

MVOL*  0.195466  00  MVQ u«  O.I95*OE  CO 

r«EQ.»  0.260COE  09  LSH/LAM-  0.884676  X 

/uL»  0.219175  Ow  0.34CC5E  00  /HO*  0.21894f  70  0.3*0 IOE  X 

MvdL*  0.404366  00  MVCC«  0.40*476  00 

rnSO.*  0.3 1 OOOE  09  LSN/LAM*  0.I03  33S  )l 

/CL*  0.476965  00— 0.1 278  IE  X  700-  0.47705500-0.127592  X 

•4VJL*  0.49379E  00  MVQU-  0.493816  X 


i-«SO.*  0 .360X2  09  LEN/LA  -»«  0.1 2 OOOE  01 

/UL*  0.ol64IE-‘3l-0.3CS24g  30  VHO*  0. 404926-0  1-0.30  7445  10 
VWCL*  0.3 14356  X  MVQO-  0.313376  00 


rWEQ . *  0.4 1  XOE  09  LSN/LAM**  0.1 3*676  01 

vuL*  -0.216396-01-0.141646  00  VPO*  -0.231696-01-0. I 2952S  *0 

MVJL*  0. 1 43296  00  M/DO*  0.131586  X 


ritEO.*  0.460X2  09  LSN/LAM*  0.I5333E  01 

/CL*  0.554436-02-0.260496-01  VOD*  -0.2355 7S-02  0.344215-0 

Mv'QL*  C .2859  16-0  I  wvQu«  0.3 4 70 12-0  1 


v-1'  w  t.'  W’#  t  y  SL  ‘J+'tf:-  J*  .H  .^j/.N'-K.W  -V'-V  .FyJJV  TV-  .» •'  JmJ'  _  V-  .Sk’J*! ••  JTt  J*" 


f  i  ;  _ •  t  •  _ •  t  r  : _ •  I  {  :  T T  " l  ■  ■  7  }  •  »  {  J 


FHEQ .*  0.I6000E  09  LJSN/LAM*  0.53333E  00 

VOL*  -0.27546E  00  0.*3a72E  00  VOD*  -0.27548E  00  0.43856E  00 

MVOL*  0.5 1 80 25  00  MVQJ*  0.5I790E  CO 


FfiEQ.«  0.2I000E  09  LEN/LAM*  0.70000E  00 

VQL*  -0.22400E  00  0.a0209E  00  VOD-  -0.22453E  00  0.30098E  00 

MVOL-  0.83279E  00  MVnrj*  0.83I86E  00 


r  1  I  ;  »  t  ;  *  I  f  {  t  j  *  7 jf 


rficO • *  0.26000E  09  LEN/LAM*  0.36667E  00 

VQL*  0.6.1 185E  00  0.7G422E  X  VQD-  0.6III5E  CO  0.7045  2E  00 

•4V0L*  0.93289E  00  MVQ'J*  0.9 32 66E  CO 


I _  1 _ j _ -Ft-  ft _ f  F  •  •  • _ f  •  1  r  *  T  ~  ■  t  •  i  t  f  ; 


T  •  f  f  j  ■  r  '  '  f  r  j  ~  r  {  {  |  t  j  ;  {  j  i.  :  \  :  I  T  j  F  r 


1-9 


RUN  TLINE 


LENGHT-  1.00000  EPSILON-  l .00000 

ZO*  0.50000E  02  0. 


LEN/LAM- 


VQL*  0  » 1 0209E-02— 0  •  20  774E—04 


VQO-  0.  I0209E-02-0.20.7746-04 


MVQL-  0.1021  IE-02  MVQO-  0.102  I  IE-02 


FREQ.-  Q.60000E  08  LEN/LAM-  0.20000E  00 

VOL-  0.276 146-02-0*1 I435E-02  VGD-  0.27602E-02-0.  I I422E-02 

MVOL-  0.29888E— 02  MVQO-  0.29872E-02 


FSEO . *  0 . 1 1 OOOE  09  LEN/LAM-  0 . 3  6667E  00 

VOL*  -0.I1695E-02-0.613596-03  VOD-  -0.J I  7025-02-0. 61 458E-03 

MVQL-  0  •  1 3207E— 02  MVQO-  0..I32I3E-O2 


FREQ.*  0. 1 6 OOOE  09  LEN/LAM—  0.52333E  00 

VQL-  -0.325566-03  0.4761 36-03  VOD-  -0.3255 8E-03  0. 475946-03 
MVOL-  0.57679E-03  MVQO-  0.57664S-03 


rREQ.«  0.21 OOOE  09  LEN/LAM-  0.70000E  00 

VCL-  -0.2II43E-02  0.154806-02  VQO*  -0.2  I  1.1 1 E-02  0.153896-02 

MVQL*  0 • 26204E— 02  MVQO-  0.261  24E-02 


rREQ.-  0.2600CE  09  LEN/LAM-  .  3.36.667E  00 

/OL*  0. I4702E-02  0. 179025-03  VCD*  0.1471  15—02  0. 1  79 33 E— 03 

MVQL-  0.148.1  IE-02  MVOO-  0.14S20E-02 

rREQ.-  0.31 OOOE  09  LEN/LAM*  0.10 3335  01 

VQL-  0. 102106-02-0.208246-04  VCO-  0. 10209E-Q2-Q. 20 .7745-0 4 
MVQL-  0.I0212E-32  M/QD-  0.1021  IE-02 

FSEO.*  0.360C0E  09  LEN/LAM-'  C.I200GE  01 

VQL-  0. 274566-0  2-0.  J  1203 E-32  VQD-  0.276C2E-C2-0.  114,725-02 

MVQL-  0.296556-02  MVQj-  0.29872E-02 

rREQ.-  0.4 1 OOOE  09  LEN/LAM-  0.136675  31 

vQL-  -0.  1 3 79 7E-0 2-0. 343 786-03  VQD-  -0 ..1 1  702E-02-0. 6 1  455E-03 

MVQL-  0.161 72E— 32  MVQO-  O.J 32! 86-02 


rREQ.*  0.46 OOOE  09  LEN/LAM-  0.15333E  01 

VQL-  0.2343  IE-03-0. I  I 385E-03  VCD-  -0.32 558S-03  0.4 7594 S-03 

MVOL-  0.26273E-03  MVQO-  0.576645-03 


f  -  »  f  *  *  i  »  -  4  f  r  •  #  w  :  *  t  f  fr 4  *  I  I  *  *  I  - 7 1  , I  T  * 


HUN  TUNE 


LENGHT*  1.00000  EPSILON*  1.00000 

ZO*  0.500 00 E  02  0. 

ZS*  0.10000E  04  0.  ZL»  0. 1 00  00 E  04  0. 

FHEG7*  O.iooooS  dS  LEN/LAM*  0.33333E-QI 

VOL*-  0.92062E-01-0. 19643E  00  VQD*  0.92064E-0 1-0. I9643E  00 

MVQL*  0.2I693E  00  MVQO*  0.21 493E  00 


i 

l 


PREQ.*  0.60000E  08  LEN/LAM-  0.20000E  00 

VOL-  0 • 1 68506-02-0 .5 22046-0 1  VQO-  0.168706-02-0.522196-01 

MVQL*  0.5223 1E-0 I  MVQO*  0 .52246E-01 


PkEQ.*  0 .. 1 1 000c  09  LEN/LAM*  0.36667E  00 

VOL*  -0 .3 74926-02-0 • 65257E-0 1  VQO*  -0.374795-02-0.652846-01 

MVQL*  0.655  IOE— 3 1  MVQO*  3.65537E-OI 


PSEQ.*  0. 160006  09  LEN/LAM*  0.53333E  OC 

VQL*  -0.53847E-0I  0.1595  IS  CC  7 HO*  -0.55356E-CI  3. 159475  00 

MVQL*  0 . 1 690  I E  CO  MVQO*  0 . 1 6897E  00 


PREQ.*  0.210006  09  LEN/LAM-  0.700C0E  00 

VOL*  -0 . I 6657E-02  0.32007E-0I  VOD-  -0.I670CE-02  0.5I955S-3I 

MVQL*  0 .52034E-Q l  MVGu*  0.51982E-0I 


FkEO . *  Q.26000E  09  LSN/LA  .  0.366675  X 

vGL*  0.3971 5E-02  0.665106-01  700*  0.595615-02  0. <64475-0  I 

MvQL*  0 . 66.77fce— 0 1  MVQO*  0./6713E-1I 


r-REQ . *  0.3I000E  09  LEN/LAM*  0. 10 3336  01 

VQL*  0.920096-01-0.196396  00  vnG*  0.920646-01-0. 1964 3E  70 

MVQL*  0.2I638E  00  MVQO*  3.2I693E  00 


m£Q.*  0.360006  09  LEN/LAM*  0.120006  01 

VQL*  0. 169706-02-0.52 1 296-0 1  VQO*  0.168 706— 02-0 . 5  ?2 1 9 6—0  I 

MVQL*  0.521576-01  MVQU*  0.522466-01 


PR60 . *  0.41 0006  09  LSN/LA  «i*  0.I3667E  01 

VQL*  -0.45436E-02— 0.6550 1 S-0 1  VQO*  -0. 5 74 79 E-0 2-0. 65 2 84 6-0 1 

MVQL*  0.O5658E-01  MVQO*  0.65537E-O1 


PREQ.*  0.460006  09  LEN/LAM*  0. 1 53336  01 

VOL*  0;13067E  00  0.468206-01  VOD*  -0.;535 66-01  0.159475  00 
MVQL*  0.I3880E  00  MVQO*  3.168975  00' 
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(3)  H.H.  Sun,  Synthesis  of  RC  Networks.  Hayden  Book  Co.,  Inc.,  New 
York,  1967,  pp.  15-22. 

(4)  Everett,  Woodrow  W.,  Ill,  Department  of  Electrical 
Engineering,  University  of  Kentucky,  Lexington,  Kentucky,  "Lumped 
Model  Approximations  of  Transmission  Lines:  Effect  of  Load 
Impedances  on  Accuracy,"  IEEE  1983  International  Symposium  on 
Electromagnetic  Compatibility,  23-25  Aug  33,  Hyatt  Regency, 
Crystal  City,  Arlington,  Virginia. 


MISSION 

of 

Rome  Air  Development  Center 

MOC  plant  and  executes  research,  development,  tut  and 
d  eluted  acquisition  programs  in  support  orf  Command,  Control 
Communications  and  Intelligence  (C*I)  activities.  Technical 
and  engineering  support  within  areas  of  technical  competence 
cs  provided  to  ESV  Program  0 ibices  [POs J  and  other  ESO 
elements .  The  principal  technical  mission  areas  are 
communications,  electromagnetic  guidance  and  control,  4ur~ 
vecltance  o$  ground  and  aerospace  objects,  intelligence  data 
collection  and  handling,  information  system  itdhnology, 
ionospheric  propagation,  solid  state  sciences,  microwave 
physics  and  electronic  reliability,  maintainability  and 
compatibility. 


